The dynamic properties of a sawtooth superlattice (␦-doped nipi͒ were examined by photoluminescence ͑PL͒ spectroscopic techniques. The structure was grown on a semi-insulating GaAs substrate by metalorganic vapor phase epitaxy, using C and Si ␦-doping. The excitation intensity dependence of the sample's PL was measured over six decades which produced a shift of 200 meV in the peak of the PL photon energy. The dynamic properties of the sawtooth superlattice were probed using time resolved PL and carrier lifetime measurements. Time resolved PL was measured over 6 orders of magnitude in delay time. The luminescence wavelength from the sawtooth superlattice sample was found to shift to low energies over time after pulsed excitation, indicating the temporal evolution of the band edges. A new and sensitive technique for measuring radiative recombination lifetimes at low excitation intensities was developed. Therefore ␦-doped sawtooth superlattices are shown to have a tunable band gap as well as an intensity tunable carrier lifetime.
I. INTRODUCTION
Doping nipi superlattice structures were first hypothesised by Esaki and Tsu 1 in 1970. The ␦-doped nipi superlattice ͑sawtooth superlattice͒ was theoretically analyzed in 1972 by Döhler, 2 however some of the first experimental verification of this work had to wait until a sawtooth superlattice could be grown reliably. 3 These early ␦-doped nipi structures were grown by molecular beam epitaxy. More recently a technique has been developed to grow these structures using metalorganic vapor phase epitaxy ͑MOVPE͒. 4 Considerably more experimental work has been conducted on homogeneously doped nipi superlattices 5 since the growth of such structures was realized in the early 1980's. Sawtooth superlattices and homogeneously doped nipi structures share the following features: tunable band gaps at energies below that of the bulk; long carrier recombination lifetimes, and strong nonlinearity. Sawtooth superlattice structures however have shown improved optical properties over homogeneously doped nipi superlattices. 6 A ␦-doped nipi superlattice is a semiconductor crystal structure in which the spatial band structure is modulated by periodic internal electric fields. The variation of electric field in the growth direction is a result of alternating sheets of n and p type ionized dopants separated by undoped semiconductor ͑Fig. 1͒. The sheets are produced by a ␦-doping process during epitaxial growth of the sample. Dopants are confined to within a layer with dimension of the order of the crystal lattice constant. In contrast, the electric field modulation of a homogeneously doped structure is established via a continuous ͑rather then ␦-function like͒ variation of n-and p-dopant concentration over each period of the structure.
Homogeneously doped structures suffer from potential fluctuations across the sample 6 since local electric field variations are associated with any statistical distribution of dopants. Sawtooth superlattices are immune from this problem since the doping layers make up a small proportion of the structure's volume. The regions between the doping planes contain effectively no impurities and are subject to smooth linear electric fields. Quantum well heterostructures can be incorporated in these undoped regions, confining carriers away from the impurities. Such structures are termed hetero-nipis. 7 Sawtooth superlattices show promise in device applications such as tunable light emitting diodes and lasers. 8 Infrared subband detectors and modulators incorporating ␦-doped nipi structures have also been theoretically investigated. 9 At present much interest is also focused on nonlinearity in hetero-nipis 10 with possible application to all optical computing.
11
The unique properties of sawtooth superlattices result from the confinement of electrons and holes within the triangular potential well produced by the internal electric field. Holes and electrons are spatially separated in the growth direction, which leads to long radiative recombination lifetimes. A long lifetime of carriers amplifies band-filling effects and the screening of the periodic electric field.
The effective bandgap of an nipi is the energy gap between the ground state electron and ground hole states in its triangular potential wells. The effective band-gap energy is usually below that of the bulk semiconductor, but approaches the band gap of the bulk when the field associated with the ␦-doped layers is screened.
Understanding the fundamental dynamics of sawtooth superlattices is clearly important in device applications. An a͒ Electronic mail: mbj@newt.phys.unsw.edu.au b͒ Electronic mail: m.gal@unsw.edu.au early study of the dynamics of conventional nipi superlattices 12 found large shifts in band gap energy during relaxation processes. Lifetime studies have also been carried out on hetero-nipi structures using differential transmission techniques 10, 13 with significant discrepancies between theory and experiment. A systematic investigation and understanding of simple sawtooth superlattices is a necessary step before more complex structures can be understood.
II. SAMPLE GROWTH
The growth of ␦-doped GaAs superlattice structures by metalorganic vapor phase epitaxy ͑MOVPE͒ has been described previously. 4 Briefly, silane and trimethylaluminium were used as n ͑Si͒ and p ͑C͒ type doping precursors, respectively. The ␦-doped sawtooth superlattice described herein had an intrinsic layer thickness of 30 nm between n-and p type ␦-doped layers. Ten of these 60 nm periods were grown and capped with 30 nm of intrinsic GaAs. The growth temperature was 630°C.
The sheet density of Si and C ␦-doped layers is Ϸ2 ϫ10 12 cm Ϫ2 . The corresponding full carrier profile width at half maximum is about 5.5 nm for Si and 7.5 nm for C ␦-doped layers. Referring to the depth resolution of capacitance-voltage profiling in ␦-doped semiconductors, 14 the dopants in those ␦-doped layers are apparently confined to a couple of monolayers.
III. EXPERIMENT
Three different photoluminescence ͑PL͒ techniques were used to probe the dynamics of the sawtooth superlattice's band edges, since PL is ideal for measuring the position of the effective band gap in an nipi structure.
͑a͒ cw photoluminescence data were acquired using a 0.27 m spectrometer and a cooled ͑silicon͒ charged coupled device ͑CCD͒ array. The sample was excited using an unchopped CW argon laser (ϭ488 nm͒. The intensity of the illumination was varied using neutral density filters. This technique provides information about the effective bandgap of nipis as a function of excitation intensity.
͑b͒ Time resolved photoluminescence ͑TRPL͒ spectra were obtained at a range of times after a 500 ps 10 J pulse from a nitrogen-dye laser (Ϸ500 nm͒ using a 0.75 m spectrometer. The spectrally resolved signal was detected using a photomultiplier tube with an S1 photocathode and 50 ⍀ termination. A silicon photodiode was used for measuring slow, low intensity decays. A boxcar averager interfaced to a personal computer was used to record the TRPL spectra. The boxcar was triggered via a fast silicon photodiode using a component of the pulse reflected from the quartz window of the cryostat. The effective band gap as a function of time after pulsed excitation reveals the relaxation of the excited nipi band edge.
͑c͒ Radiative recombinatation lifetimes were measured using modulated PL. In this new technique the beam from a continuous wave argon laser (ϭ488 nm͒ was sinusoidally modulated using an acousto-optic modulator ͑AOM͒. The AOM was driven by the sine wave from the internal signal generator of a lock-in amplier. The modulation depth of the laser was controlled by providing a dc offset to the sine wave signal before it reached the AOM. The PL signal was detected using an S1 PMT ͑5.6 k⍀ termination͒ after it had been dispersed using a spectrometer. The frequency of modulation and detection was scanned logarithmically from 100 Hz to 100 kHz in 200 steps. These data points were used to deduce the nipi's electron-hole recombination lifetime at the emission energy set by the spectrometer.
In all the PL techniques the temperature of the sample was maintained at 10 K. In each case the laser was focused onto a 2 mm diameter spot on the sample. The PL was collected from the center of this spot, where excitation was approximately uniform.
IV. EFFECT OF LASER INTENSITY
Observing a blue shift in PL spectra with increasing excitation intensity has long been a method of identifying nipi behavior. 5, 8, 12 The intensity dependence of continuous-wave PL spectra was measured over 6 orders of magnitude. The normalized PL spectra over this intensity range are shown in Fig. 2 .
At high excitation intensity the peak of the PL spectrum, which corresponds to the nipi's effective band gap, approaches the GaAs band-gap energy ͑1.52 eV at 10 K͒.I n this case the internal electric field has been fully shielded by the photoinduced carriers, therefore sawtooth potential wells disappear. At lower excitation intensity the PL spectra show maxima at lower energies, indicating a decrease in the effective band-gap energy of the nipi structure.
An overall shift in PL maxima from 1.26 eV (ϭ984 nm͒ to 1.46 eV (ϭ849 nm͒ was observed. This 200 meV shift is comparable with shifts measured on a similar structure grown by molecular beam epitaxy.
3 Note that a similar shift was also observed from a homogeneously doped nipi superlattice at room temperature 15 ͑albeit with much broader PL spectra͒. Clearly the MOVPE grown ␦-doped sawtooth superlattice shows well established nipi behavior.
V. RELAXATION OF BAND EDGES
The time resolved photoluminescence ͑TRPL͒ experiment using a pulsed laser was conducted to observe the temporal evolution of band edge relaxation in a sawtooth superlattice. The technique allowed a series of PL spectra to be recorded during the course of nipi band edge relaxation, after pulsed excitation. In this work, a short ͑500 ps͒ laser pulse was used to produce free carriers, and then the relaxation of the system, without the laser beam's electric field, was measured via PL spectroscopy. The delay time ranged over 6 orders of magnitude ͑10 ns-10 ms͒. Figure 3͑a͒ shows a number of the TRPL spectra which were recorded at selected delay times after the pulsed excitation. Figure 3͑a͒͑i͒ is the PL spectrum of a ␦-doped sawtooth superlattice immediately after excitation ͑i.e., during the first 5 ns after the pulse͒. Note the tail to the high energy side of the broad GaAs band-gap energy peak. The tail is characteristic of an electron-hole plasma in an intensely excited semiconductor. The PL peak is close to the GaAs band gap since the carriers from the plasma completely shield the characteristic nipi electric field ͑associated with ionized dopants͒.I n this case, the effective band gap and carrier recombination lifetimes are similar to those of the bulk.
Figures 3͑a͒͑ii͒-͑iv͒ are examples of PL spectra recorded at later times after excitation. The PL emission shifts from high to low energy as a function of delay time, with full width half-maxima less than 40 meV. A summary of many of these spectra is provided in Fig. 3͑b͒ .
After pulsed excitation the nipi's effective band gap reduces with increasing delay. This is a result of a strengthening of the nipi internal electric field via electron-hole pair recombination. This process has been regarded as relaxation of excited nipi structures in this work.
It has been observed that the relaxation of the effective band gap of a nipi occurs with two logarithmic decay times ͓see Fig. 3͑b͔͒ . In the first microsecond after excitation a long ͑logarithmic͒ relaxation constant is observed, while in the period following this the structure relaxes with a greater logarithmic decay constant.
VI. RECOMBINATION LIFETIME
An alternative way of observing the dynamics of a sawtooth superlattices is to measure the radiative recombination or PL lifetime of its carriers. Most conventional carrier lifetime measurements use short, high intensity laser pulses to excite a sample. These types of measurements are clearly not suitable for measuring nipi structures at low excitation intensities.
A technique has been developed to measure the radiative recombination, or PL lifetime of a sawtooth superlattice over a large range of excitation intensities, with two independent variables: the exciting beam's intensity, and the sample's emission wavelength. It is also very sensitive and therefore allowed measurements to be taken at photon energies where the PL intensity was low.
In this technique the intensity of the laser light, e (t) was sinusoidally modulated, to a modulation depth, m,byan acousto-optic modulator at frequencies, /2, between 100 Hz and 100 kHz. That is,
where 0 is the maximum laser intensity. For low intensities it was assumed that the number of electron-hole pairs created in the sample is proportional to the exciting intensity, e (t), of the laser. Furthermore if the carriers recombine radiatively with an exponential decay time, , then the PL from the sample may be expressed as
since the PL signal at time t is the sum of the decaying signal from all earlier excitations. is the PL efficiency at a specific emission wavelength, and N is the normalization condition,
͑5͒
Introducing ϭarctan :
͑6͒
Hence the maximum amplitude of the PL intensity signal at the modulation frequency is:
which is the signal detected by a lock-in amplifier. By measuring r max ( ) at many different frequencies the lifetime, , was calculated by taking a least squares best fit of ( r max )
Ϫ2 against 2 ͑see inset of Fig. 4͒ . It was desirable to keep the nipi band structure in quasiequilibrium during the lifetime measurement. Therefore the modulation depth was kept small (mϭ6%). cw PL spectra were measured using the modulated laser, and they were found to be indistinguishable from those of the unmodulated laser ͑Fig. 2͒, which indicates that the band structure was in quasi-equilibrium.
In contrast with TRPL, which measures the temporal relaxation of the sample's band edges, this new technique allows the tunability of the carrier recombination lifetime to be shown. That is, the band structure is held in quasiequilibrium during the lifetime measurement. TRPL measures the peak PL, and hence approximate position of band edges, whereas the lifetime technique measures an ͑exponential͒ PL lifetime at a specific emission photon energy.
The radiative recombination lifetime was measured for specific states of relaxation of the structure. In each case the intensity, 0 , was varied using neutral density filters and then the lifetime was measured at the wavelength corresponding to the continuous PL maximum. These lifetime data are expressed in terms of emission energy of PL in Fig. 4 . Thus the abscissa here corresponds directly to the position of the effective band-gap energy of the nipi. By comparing Figs. 2 and 4 it can be seen that the PL lifetime of the nipi structure varies with excitation intensity. Therefore a tunable PL lifetime has been demonstrated in a sawtooth superlattice between 1.37 eV and 1.45 eV.
It should be noted that data to determine radiative recombination lifetimes were also taken at effective band-gap energies lower than 1.37 eV. There was clearly a decrease in the average lifetime with decreasing energy, but these decays were no longer consistent with a single exponential lifetime ͓Equation ͑7͔͒, and hence are inappropriate for Fig. 4 .
These recombination lifetime results are still much smaller than theoretical lifetimes determined by methods such as those used by Jonsson et al. 13 This discrepancy indicates that extrinsic ͑nonradiative͒ recombination most likely plays a significant role in the relaxation of nipi structures. A comparison of Fig. 4 with Fig. 3 is necessary. The decay lifetime is not necessarily dependent on the delay time after excitation. Instead these data give an indication of the rate of recombination of carriers when the effective band gap is at a particular energy. The TRPL on the other hand showed the relaxation of the effective band gap. The fact that the PL lifetime is comparable to the time scale of TRPL data implies that the relaxation process is closely related to the radiative recombination of carriers. That is, the PL lifetime increases as the effective band gap reduces ͑the structure relaxes͒; this corresponds to the slowing of the band relaxation at lower band-gap energies which was expressed in the TRPL data.
VII. CONCLUSION
A systematic photoluminescence study of a ␦-doped nipi has revealed interesting band edge relaxation effects. In addition to the well studied shifting of effective band gap with excitation energy, the temporal evolution of the band edges has been examined. Furthermore, a new technique has been developed which enabled the radiative recombination lifetime to be determined at fixed effective band gaps. These features may find direct application as modulators and tunable light sources, but also act as a starting point into the study of the nonlinearities associated with more complicated structures such as hetero-nipis.
